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Abstract:  
The thermal behavior and decomposition of kaolinite-potassium acetate intercalation complex was 
investigated through a combination of thermogravimetric analysis and infrared emission spectroscopy. 
Three main changes were observed at 48, 280, 323 and 460 °C which were attributed to (a) the loss of 
adsorbed water (b) loss of the water coordinated to acetate ion in the layer of kaolinite (c) loss of 
potassium acetate in the complex and (d) water through dehydroxylation. It is proposed that the KAc 
intercalation complex is stability except heating at above 300 °C. The infrared emission spectra clearly 
show the decomposition and dehydroxylation of the kaolinite intercalation complex when the 
temperature is raised. The dehydration of the intercalation complex is followed by the loss of intensity 
of the stretching vibration bands at region 3600-3200 cm-1. Dehydroxylation is followed by the 
decrease in intensity in the bands between 3695 and 3620 cm-1. Dehydration is completed by 400 °C 
and partial dehydroxylation by 650 °C. The inner hydroxyl group remained until around 700 °C.  
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1. Introduction  1 
Kaolinite has been and continues to be one of the most important and useful industrial minerals. It 2 
is widely applied in the fabrication of paper, paints and inks, rubber and plastic, ceramic raw material, 3 
fiberglass, cracking catalysts, cosmetics, medicines, etc [1-3]. Recent advances in the preparation of 4 
hybrid organic–inorganic materials by intercalation of organic molecules into kaolinite represent a clear 5 
possibility of new and interesting materials [4]. Kaolinite can interact with organic molecules by 6 
intercalation which is a process of insertion of molecules between the kaolinite layers. This process 7 
involves the breaking of hydrogen bonds between the kaolinite layers and the formation of new 8 
hydrogen bonds with the inserting molecule [5].  9 
 10 
Therefore, an important part of research in laboratory is focused on the preparation of the 11 
complexes of kaolinite intercalated by organic molecules. This area, essentially making the clay into a 12 
single layered mineral, has gained much attention over recent decades. The inserting molecule breaks 13 
the hydrogen bonds formed between the kaolinite hydroxyl groups and the oxygen of the next adjacent 14 
siloxane layer, then forms hydrogen bonds with either the hydrophobic surface of the kaolinite (the 15 
siloxane layer) or the hydrophilic part of the kaolinite surface (the hydroxyl surfaces of the 16 
gibbsite-like layer). A further possibility exists in that the inserting or adsorbing molecule may interact 17 
with the surfaces of the kaolinite [6, 7]. The kaolinite intercalated with reactive guest molecules can 18 
also be used as precursors for the intercalation of nonreactive organic molecules via the displacement 19 
of intercalated molecules. In addition to the formation of new organoclay nanohybrid materials, 20 
intercalation can lead to the covalent grafting of organic molecules. Therefore, kaolinite has the 21 
potential to be a precursor for polymer-kaolinite intercalation complexes [8].  22 
 23 
There have been a significant number of preparation routes of kaolinite intercalation complex 24 
[9-13]. Recently, some new methods for intercalation of kaolinite have been reported, in which the 25 
layered kaolinite particles were intercalated with small molecules, such as urea, potassium acetate, 26 
dimethylsulphoxide, and so on. These inserting molecular expand the interlayer space of kaolinite, 27 
allowing the interlayer hydroxyl group to be accessed by organic molecules [14-16].  28 
 29 
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Regardless of the extensive use of kaolinite in industrial processes and its excellent characteristics 30 
for the preparation of organic/inorganic intercalation complexes, there is little information about the 31 
thermal stability of intercalation complex. However, heating treatment of intercalated kaolinite is 32 
necessary for its further application, especially in the field of plastic and rubber industry. Infrared 33 
emission spectroscopy allows the possibility of studying the decomposition, dehydration and 34 
dehydroxylation of kaolinite intercalation complex at elevated temperatures. This technique of 35 
measurement of discrete vibrational frequencies emitted by thermally excited molecules, known as 36 
Fourier transform infrared emission spectroscopy (FT-IES) has not been widely used for study of 37 
thermal stability of clay intercalation complex [17-20]. In current study, thermogravimetric analysis 38 
and infrared emission spectroscopy were used to investigate the changes in the complex of kaolinite 39 
intercalated by potassium acetate. 40 
 41 
2. Experimental methods 42 
2.1 Materials 43 
The sample used in this study was the natural pure kaolinite from Hebei Zhangjiakou in China. Its 44 
chemical composition in wt% is SiO2 44.64, Al2O3 38.05, Fe2O3 0.22, MgO 0.06, CaO 0.11, Na2O 0.27, 45 
K2O 0.08, TiO2 1.13, P2O5 0.13, MnO 0.002, LOT (loss on ignition) 15.06. The major mineral 46 
constituent is well ordered kaolinite (95wt %) with a Hinckley index of 1.31. The potassium acetate (A. 47 
R) was purchased from Beijing Chemical Reagents Company, China. 48 
 49 
2.2 The intercalation composite preparation  50 
The potassium acetate (KAc) intercalate complex was prepared by immersing 10 g of kaolinite in 51 
20 ml of KAc solution at a mass percentage concentration of 30 %, stirring for 10 minutes at room 52 
temperature. The complex after aging for 24 h was allowed to dry at room temperature before the X-ray 53 
diffraction (XRD), thermogravimetric analysis (TG) and Infrared emission spectroscopy (IES). 54 
 55 
2.3 X-ray diffraction 56 
5 
X-ray diffraction patterns were collected using a PANalytical X’Pert PRO X-ray diffractometer 57 
(radius: 240.0 mm). Incident X-ray radiation was produced from a line focused PW3373/10 Cu X-ray 58 
tube, operating at 40 kV and 40 mA, with Cu K radiation of 1.540596 Å. The incident beam passed 59 
through a 0.04 rad soller slit, a 1/2 ° divergence slit, a 15 mm fixed mask, and a 1 ° fixed antiscatter 60 
slit. 61 
 62 
2.4 Thermogravimetric analysis (TG) 63 
Thermogravimetric analysis (TG) of the sample was carried out in a TA® Instruments incorporated 64 
high-resolution thermo gravimetric analyzer (series Q500) in a flowing nitrogen atmosphere (60 cm3 65 
min–1). Approximately 50 mg of each sample underwent thermal analysis, with a heating rate of 66 
5 °C/min, with resolution of 6, from room temperature to 1000 °C. 67 
 68 
2.5 Infrared emission spectroscopy 69 
FTIR emission spectroscopy was carried out on a Nicolet Nexus 870 FTIR spectrometer, which 70 
was modified by replacing the IR source with an emission cell. A description of the cell and principles 71 
of the emission experiment have been published elsewhere [17-19, 21]. Approximately 0.2 mg of 72 
kaolinite-potassium acetate intercalation complex was spread as a thin layer on a 6 mm diameter 73 
platinum surface and held in an inert atmosphere within a nitrogen-purged cell during heating. The 74 
infrared emission cell consists of a modified atomic absorption graphite rod furnace, which is driven by 75 
a thyristor-controlled AC power supply capable of delivering up to 150 A at 12 V. A platinum disk acts 76 
as a hot plate to heat the kaolinite intercalation complex sample and is placed on the graphite rod. An 77 
insulated 125 -μm type R thermocouple was embedded inside the platinum plate in such a way that the 78 
thermocouple junction was less than 0.2 mm below the surface of the platinum. Temperature control of 79 
±2 °C at the operating temperature of the sample was achieved by using a Eurotherm Model 808 80 
proportional temperature controller, coupled to the thermocouple.  81 
In the normal course of events, three sets of spectra are obtained over the temperature range 82 
selected and at the same temperatures; those of the black body radiation, the platinum plate radiation, 83 
and the platinum plate covered with the sample. Normally only one set of black body and platinum 84 
radiation is required. The emission spectrum at a particular temperature was calculated by subtraction 85 
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of the single beam spectrum of the platinum backplate from that of the platinum covered with the 86 
sample, and the result ratioed to the single beam spectrum of an approximate black body (graphite). 87 
This spectral manipulation is carried out after all the spectral data has been collected.  88 
The emission spectra were collected at intervals of 50 °C over the range 100-1000 °C. The time 89 
between scans (while the temperature was raised to the next hold point) was approximately 100 s. It 90 
was considered that this was sufficient time for the heating block and the powdered sample to reach 91 
temperature equilibrium. The spectra were acquired by co-addition of 128 scans for the whole 92 
temperature range, with an approximate scanning time of 1 min, and a nominal resolution of 4 cm−1. 93 
Good quality spectra can be obtained providing the sample thickness is not too large. If too large a 94 
sample is used then the spectra become difficult to interpret due to the presence of combination and 95 
overtone bands. Spectral manipulation such as baseline adjustment, smoothing and normalization was 96 
performed using the Spectra calc software package (Galactic Industries Corporation, NH, USA). 97 
 98 
3. Results and discussion 99 
3.1 X-ray diffraction (XRD) 100 
X-ray diffraction is the preliminary technique to verify whether the layered structure is altered or 101 
not [22]. When the kaolinite was intercalated with KAc solution, expansion occurred along the C-axis 102 
only [23]. Fig. 1 shows the XRD patterns of kaolinite and its intercalated complex with KAc. The XRD 103 
pattern shows that the basal d (001) of kaolinite expands from 0.718 to 1.425 nm; this value is indicative 104 
of the intercalation of KAc in the interlamellar space of kaolinite, and which is consistent with the 105 
results published before [5, 24, 25]. Kaolinite shows an identical XRD pattern to the standard and a 106 
characteristic first basal peak at 0.718 nm, which decrease in intensity when intercalated by KAc.  107 
 108 
3.2 Thermal analysis 109 
Thermal analysis can reveal information about the thermal decomposition of intercalated kaolinite 110 
[26]. To evaluate the thermal stability of kaolinite-KAc intercalation complex, the thermogravimetric 111 
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and differential thermogravimetric (TG-DTG) measurement of kaolinite and kaolinite-KAc 112 
intercalation complex were performed and results are shown in Fig. 2a and b. Only one mass loss is 113 
observed in the TG-DTG curves of kaolinite in Fig.2a at 464 °C with mass loss of 13.65 %, which is 114 
attributed to the dehydroxylation of kaolinite. This value was close to the theoretical value (13.9 %). 115 
However, four distinct mass losses are observed in the TG-DTG curves of kaolinite-KAc intercalation 116 
complex in Fig. 2b. The TG-DTG curve of the intercalation complex presented a peak at 48 °C 117 
associated with dehydration of the material with a 0.58 % mass loss of physisorbed water. The second 118 
peak appeared at 280 °C, accompanied by a mass loss of 0.98 % caused by decomposition of the 119 
intercalation complex. It is well known that the kaolinite-KAc intercalation complex was formed from 120 
the expansion of kaolinite with both KAc and water molecular [5, 12]. This step can be interpreted as 121 
being due to the loss of intercalated water which is coordinated to KAc in the interlayer of kaolinite. 122 
Fig.2b also shows another peak at 323 °C assigned to the loss of KAc in the layer of intercalation 123 
complex. The last mass loss of 9.18 % at 460 °C is observed, which is attributed to the dehydroxylation 124 
of kaolinite. 125 
The results similar to the aforementioned observations were previously found [26]. It is generally 126 
considered that a set of steps for the dehydration, loss of KAc and dehydroxylation of the intercalation 127 
complex. These steps correspond to (a) the loss of adsorbed water (b) the loss of coordination water (c) 128 
the loss of KAc and (d) water through dehydroxylation. 129 
 130 
3.3 Infrared emission spectroscopy 131 
The infrared emission spectra of kaolinite-KAc intercalation complex show considerable 132 
complexity. Fig. 3 shows the infrared emission spectra of kaolinite-KAc intercalation complex. The 133 
spectra clearly show the temperature at which the OH group is lost and at which the complex 134 
decomposed. In the 200-600 °C temperature range obvious structure changes are observed. In order to 135 
follow these thermal decompositions three spectra at 200, 400 and 600 °C were selected for further 136 
analysis. The infrared emission spectra at these temperatures for kaolinite-KAc intercalation complex 137 
in the 650-1350 cm-1 range are shown in Fig. 4. At 200 °C, the spectrum in this region presents two 138 
bands at 754 and 790 cm-1, which are typical of the OH translational vibrations. The bands at 914 and 139 
937 cm-1 are attributed to the OH bending vibrations. Two strong bands at 983 and 1035 cm-1 are 140 
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assigned to the Si-O-Si in-plane vibrations. The band occurring at 1115 cm-1 is the Si-O stretching 141 
mode. The band is observed at 1157 cm-1. One probable assignment of this band is to the stretching 142 
mode of Si-O from quartz impurity. The 400 °C spectrum shows small shift in these bands, which are 143 
now observed at 725, 783, 980, 1038, 1150, 1201 cm-1. Four bands at 694, 800, 914 and 937 cm-1 144 
disappeared and a new band is observed at 1201 cm-1. These shift and disappearance are attributed to 145 
that the water coordinated to KAc is lost when the temperature is raised. These also illustrate that when 146 
KAc is actually intercalated into the layer of kaolinite and attached with the inner surface hydroxyl of 147 
kaolinite it will result in the shift of Al-O. These bands are observed at 725, 785, 935, 998 and 1142 148 
cm-1 in the 600 °C spectrum. 149 
The infrared emission spectra of kaolinite-KAc intercalation complex at 200, 400 and 600 °C in 150 
the 1250-1750 cm-1 range are shown in Fig. 5. Infrared bands in this spectral region are associated with 151 
the KAc vibrations modes. The symmetric stretching band of the O-C-O unit in KAc shifted to 1403 152 
cm-1 as a result of hydrogen-bonding with inner surface OH groups in the complex. At the same time, 153 
the symmetric deformation band of the CH3 group was reduced in intensity at 1340 cm-1. It is proposed 154 
that the CH3 group of the acetate is interacting with the silica sheet [8]. The bands are observed at 155 
200 °C at 1579 and 1420 cm-1, which are due to the antisymmetric and symmetric ν (COO) stretching 156 
vibrations. Two bands are observed at 1519 and 1594 cm-1 are attributed to acetate ion antisymmetric 157 
steching modes [17]. The band at 1643 cm-1 is assigned to the water bending vibration. This band is not 158 
observed at 400 °C or above this temperature. Therefore, the water is lost below 400 °C, which is 159 
consistent with the thermal analysis data and the result before [26]. The band at 1675 cm-1 is due to the 160 
C=O vibration. These bands are observed at 1330, 1392, 1580, 1633 and 1664 cm-1 in the 400 °C 161 
spectrum. Only three bands are observed for this complex at 600 °C, at 1332, 1580 and 1645 cm-1. 162 
They are clearly shown the thermal decomposition of kaolinite-KAc intercalation complex when the 163 
temperature is raised. 164 
Fig. 6 illustrates the infrared emission spectra of the hydroxyl stretching bands of the 165 
kaolinite-KAc intercalation complex over the temperature range 200 to 600 °C. The figure clearly 166 
shows the loss of intensity of these bands as the temperature is raised. Considerable differences are 167 
observed between the relative intensity of the bands at 200 °C and 600 °C. The infrared emission  168 
spectra of kaolinite-KAc intercalation complex at 200 °C in the hydroxyl stretching region show 169 
important features[8, 11, 27-30]: bands are observed at (a) (ν1) 3691 cm-1, which is attributed to the 170 
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hydroxyl stretching of the inner surface hydroxyl (b) bands (ν2) at 3668 cm-1 assigned to the 171 
out-of-phase vibration of the inner surface hydroxyls (c) bands (ν3) at 3652 cm-1 attributed to the 172 
second out-of-phase vibration of the inner surface hydroxyls (d) bands (ν5) at 3625 cm-1 attributed to 173 
the inner hydroxyls (e) bands (ν6) at 3604 cm-1 attributed to formation of the hydrogen bonding of the 174 
inner surface hydroxyls and the acetate and (f) bands (ν7-9) at 3577, 3500, 3388 and 3300 cm-1 175 
attributed to the hydroxyls stretching frequency of interlayer water coordinated to KAc. In the 400 °C 176 
spectrum only five bands are observed at 3681, 3668, 3654, 3625 and 3504 cm-1. However, only one 177 
band is found at 3620 cm-1 in the 600 °C spectrum. This means that the inner hydroxyl was not affected 178 
by intercalated KAc. This result is consistent with the inner hydroxyls are below the aluminium atoms 179 
and extend towards the intralayer cavity (vacant octahedral site) of the kaolinite [31-33]. 180 
 181 
4. Conclusions 182 
The TG-DTG investigation of the intercalation complex enabled the thermal characteristics of the 183 
deintercalation of the KAc intercalated kaolinite to be obtained. A set of steps for the dehydration were 184 
observed, which were attributed to (a) the loss of adsorbed water at 48 °C (b) the loss of coordination 185 
water at 280 °C and (c) water through dehydroxylation at 460 °C. It was also clearly shown the loss of 186 
KAc in the layer of intercalation complex at 323 °C. The thermal analysis data was used to select 187 
appropriate temperatures for the collection of infrared emission spectra data. The technique of infrared 188 
emission spectroscopy allows the possibility of studying intercalation of minerals such as 189 
kaolinite-KAc intercalation complex and to study the thermal decomposition of these minerals in situ at 190 
the elevated temperatures. The technique also helps confirm the assignment of various kind bands. 191 
Organoclay such as kaolinite-KAc intercalation complex and the thermal products of kaolinite have 192 
application as rubber and infrared emission spectroscopy enables the study of these materials for 193 
potential use as rubber and plastic. The decomposition of intercalation complex was confirmed by the 194 
infrared emission spectra which show the intercalation complex is stable up to around 300 °C.  195 
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